Introduction
Vulcanization is the basic process used in elastomer technology. The first patent for the sulfur vulcanization of natural rubber was issued to Charles Goodyear in 1839. The most important disadvantage of sulfur vulcanization at its creation was the long process time of several hours. In 1906, Oenslager discovered the accelerating effect of aniline on sulfur vulcanization [1] . This discovery was followed by the introduction of guanidines. Other organic vulcanization accelerators, such as thiazole and sulfenamide, were developed in 1930 [2] . In later years, thiurames and dithiocarbamates were applied. Although vulcanization is one of the oldest and best known processes, thiazoles, sulfenamides and dithiocarbamates were the last significant accelerator classes to be introduced in industry. Soon afterward, it was discovered that zinc oxide could activate the sulfur vulcanization process. Zinc oxide reacts with accelerators to form zinc complexes, which are more reactive than free accelerators. Sulfur is then incorporated into these complexes, and active sulfating agents are formed that react with the allylic hydrogen atoms of unsaturated elastomers to form crosslink precursors. These precursors then react with other rubber chains to generate crosslinks that contain large amounts of sulfur atoms in their bridges. In the next step of the vulcanization process, crosslink shortening, usually accompanied by side reactions, produces the final elastomer network [3] .
It is commonly postulated that acceleration of sulfur vulcanization results from homogeneous catalysis by zinc complexes or zinc salts [3] . Traditionally, stearic acid is used together with zinc oxide to activate sulfur vulcanization. In this way, a complex composed of zinc, an accelerator, and stearic acid is formed during vulcanization and includes a central zinc cation, two stearyl anions, and accelerator residues. This complex and other components of the crosslinking system are strongly polar and also reveal a tendency for agglomeration in the elastomer, resulting in the reduction of vulcanization efficiency [4] . Therefore, the application of novel ionic liquids (ILs)-the derivatives of 2-mercaptobenzothiazole-as accelerators for the vulcanization process seems to be reasonable. Because of their catalytic activity [5] , ILs increase the rates of interfacial crosslinking reactions. Moreover, because of their ionic character, ILs should be able to form salts or complexes with zinc ions, similarly to standard accelerators; however, these complexes are more reactive than zinc-accelerator complexes. Additionally, the application of ligands with higher solvation power towards zinc cations than stearyl anions should improve the dispersion degree of the active sulfurating agent as well as of the crosslinking system components in the elastomer. As a result, the crosslinking rate and efficiency should increase considerably.
Recently, IL research has been one of the most rapidly growing fields in chemistry and industry, mainly due to the many unique properties of ionic liquids, such as chemical, electrochemical and thermal stability, low vapor pressure and high ionic conductivity [6] . ILs are generally defined as salts with melting temperatures lower than 100 °C and commonly consist of an asymmetric, organic cation and a rather weakly coordinating organic or inorganic anion [6, 7] . Most ILs have good miscibility with organic solvents or monomers, are able to solvate a large variety of organic polar and nonpolar compounds, and show potentially "environmentally-friendly" characteristics due to their negligible vapor pressure and flammability [8] . ILs are nonvolatile compounds; thus, the chance for fugitive emissions during their use in technology is limited. Due to their ionic character, ILs are highly polar but non-coordinating, so they may affect the course of ionic reactions [9] . Therefore, ILs can be used as solvents for electrochemical processes [6, 10] , and their chemical and physical properties can be tailored by varying the cations and anions for a wide range of potential applications. In recent years, ILs have been widely used in polymer science, mainly as solvents in different types of polymerizations (e.g., free radical polymerization [11] , atom transfer radical polymerization [12] or ionic polymerization [13] ). Wang et al. used room-temperature ILs such as triethylamine hydrochloride-aluminum chloride (Et 3 NHCl-AlCl 3 ) as an initiator for the cationic copolymerization of 1,3-pentadiene with styrene [14] . The best results were obtained for AlCl 3 content of 60 wt%. The reaction produced a high-molecular-weight copolymer with a smaller molecular weight distribution than that produced when using an organic solvent. Increasing the concentration of IL led to an increase of copolymerization yield. Moreover, as the concentration of ionic liquid increased, more crosslinked products were achieved as a result of the higher concentration of macromolecular chains in the reaction medium, which favored the intermolecular reaction of carbocations with the copolymer. The cationic ring-opening polymerization of 3,3-bis(chloromethyl)oxacyclobutane was carried out in 1-butyl-3-methylimidazolium tetrafluoroborate and hexafluorophosphate [15] . The polymerization process proceeded to high conversions, although polymer molecular weights were limited, similar to polymerization in organic solvents. ILs were able to be separated from other reagents and reused. The moisture-stable ionic liquid composed of choline chloride and zinc chloride was applied to the radiation-induced copolymerization of vinyl monomersstyrene and methyl methacrylate. The mechanism of copolymerization was the same as in conventional organic solvents at room temperature, and the copolymer was produced with high efficiency [16] . The IL 1-butyl-3-methylimidazolium hexafluorophosphate was also used as a solvent in the radical polymerization of methyl methacrylate [17] . A considerable increase in the rate constant of propagation was observed that was related to increasing polarity of the polymerization medium that favored a transition state involving charge transfer or complex formation between IL and either monomer or radical. The rate of polymerization was approximately 10 times higher than in traditionally used benzene. The molecular weights of polymers were also considerably higher, indicating a decrease in the rate of termination. This ionic liquid can be successfully used for synthesis of styrene and methyl methacrylate block copolymers [18] . The IL 1-butylpyridinium tetrafluoroborate was used in the radical polymerization of 2-hydroxyethyl methacrylate [19] . Transparent and highly conductive polymer electrolytes were obtained and characterized with high mechanical strength. ILs can serve as solvents for the organotellurium-mediated living radical polymerization (TERP) of methyl methacrylate (MMA), methyl acrylate (MA), and styrene [20] . The reaction rate of MMA and MA polymerization significantly increased, and the controllability of the polydispersity index (PDI) was also improved. The TERP of MMA yielded poly(methyl methacrylates) with PDI less than 1.1. The improved control of polymerization was ascribed to a faster degenerative chain transfer reaction that is a key parameter in the control of PDI for TERP. Moreover, facile separation of polymers from ILs and the possibility of IL recycling were described.
ILs can also be polymerized to form ionic gels [21] [22] [23] ; 1-(8-(acryloyloxy)octyl)-3-methylimidazolium chloride was reported to photopolymerize and form a hydrogel through selfassembly [24] . This hydrogel was physically crosslinked and possessed an ordered lamellar structure that enabled reversible swelling in water up to 200 times its original volume.
ILs can be used to dissolve polymers such as cellulose [25] , starch [26] , or silk fibroin [27] and have shown great potential as effective wood preservatives. Hydrophobic ammonium-based ILs, which are air-and moisture-stable, possess anti-bacterial and anti-fungal activity [28] . The ability to dissolve cellulose was described for 1-butyl-3-methylimidazolium chloride, acetate and formate [29] . Pernak et al. reported the possibility of dissolving cellulose using ILs with 4-benzyl-4-methylmorpholinium and alkyl(cyclohexyl)dimethylammonium cations [30, 31] . Alkylimidazolium 1,2,4-triazolates and benzotriazolates were tested for fungistatic activity against strains of Aspergillus and Penicillium molds. The highest antifungal activity was demonstrated by 1-dodecyl-methylimidazolium 1,2,4-triazolate, which effectively protected paper against molds [32] .
ILs are used for filler modification to increase the interactions between a filler and an elastomer matrix and to improve the dispersion of filler particles in the elastomer, especially in the case of silica, clays, carbon black and carbon nanotubes [33] [34] [35] . ILs such as 1-butyl-3-methylimidazolium chloride, tetrafluoroborate and hexafluorophosphate were used to improve the dispersion degree of magnetic fillers in an ethylene-octene copolymer [36] . ILs increased the magnetorheological effect of composites due to the homogeneous distribution of magnetic filler nanoparticles in the polymer. A significant improvement of the mechanical properties of composites, such as tensile strength, was achieved.
Due to very high ionic conductivity below their decomposition temperature, ILs can have an important role in electrolyte matrices. The application of ILs provides the polymer electrolyte with high tensile strength and elasticity by giving conductivity to elastomers. Conductive butadiene-acrylonitrile elastomer (NBR) composites with an ionic conductivity of 2.54×10 -4 S cm -1 have previously been prepared using 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [37] . The use of ILs resulted in the development of conductive polychloroprene rubber containing a low concentration of multi-walled carbon nanotubes [38] . Stable polymer electrolytes with an ionic conductivity of over 10 -4 S cm -1 were obtained from polymerizable ionic liquids with an imidazolium cation [39] .
Despite the wide applications of ionic liquids in polymer and elastomer science, their use as accelerators for the sulfur vulcanization of unsaturated elastomers has not yet been reported, with the exception of our previous publications [40, 41] . Thus, this chapter represents an innovative and original solution.
For our studies, we believe that the application of ILs will result in the development of new eco-friendly accelerators for elastomer sulfur vulcanization. The most popular accelerator (MBT) is an allergenic agent. Like guanidines, sulfenamides are amine derivatives with different amine moiety contents. Therefore, their application in technology should be limited because of toxicity. The proposed ILs are derived from conventional accelerators, but due to their greater activity, the amount of crosslinking system components (sulfur, zinc oxide, accelerator) in rubber products can be reduced. Moreover, because of the application of ILs, conductive elastomer composites should be possible. Preliminary studies have confirmed that mercaptobenzothiazolate or dithiocarbamate anions could be successfully incorporated into IL structures [40] . The proposed solution could make an original contribution to both the synthesis of novel ionic liquids and their application as well as provide for the development of new, environmentally friendly accelerators for elastomer vulcanization. Traditional accelerators have been applied in the rubber industry for years. However, severe European Union directives regarding environmental protection require the reduction of sulfur and zinc oxide contents in rubber products and modification of recipes for producing elastomer composites. Novel vulcanization accelerators based on ILs may allow the requirements of EU legislation to be met and improve the properties of the obtained rubber products.
Because of their catalytic activity, ILs can accelerate the process of elastomer crosslinking and increase the efficiency of sulfur consumption. As a result, reduction in the sulfur content of rubber products should be achieved for ecological reasons. Moreover, ILs may act as dispersants, improving the dispersion of crosslinking system components (sulfur or activator) in elastomers. The dispersion degree of zinc oxide, sulfur, and accelerator is very important for the activation of sulfur vulcanization. Our preliminary studies confirmed the high activity of synthesized ILs with 2-mercaptobenzothiazolate in the vulcanization of elastomers [40, 41] . This result was most likely due to the more homogeneous dispersion of crosslinking agents in the elastomer. SEM images showed that, in the case of a standard NBR vulcanizate with 2-mercaptobenzothiazole (MBT), zinc oxide particles were not homogeneously distributed in the elastomer matrix. The agglomeration of zinc oxide particles caused the particle surface area to decrease, which was followed by a reduction in the interfacial area between crosslinking system components. As a result, the efficiency of elastomer crosslinking decreased. In the case of vulcanizates produced with the prepared ILs, more homogeneously dispersed crosslinking agent particles were observed. The application of ILs increased the crosslink density of the vulcanizates. Therefore, the application of appropriately structured ILs as vulcanization accelerators seems to be reasonable.
In these studies, ILs such as alkylimidazolium and alkylammonium salts of 2-mercaptobenzothiazole as well as nanosized zinc oxide were used to successfully form pro-ecological elastomer composites with reduced amounts of vulcanization accelerators and activators. Several aspects were analyzed, including crosslink density, static and dynamic mechanical properties of the vulcanizates, as well as their thermal stability and resistance to UV and thermo-oxidative aging.
Pro-ecological composites based on NBR and SBR elastomers containing ILs as vulcanization accelerators were manufactured and studied. Elastomers were vulcanized with sulfur and nanosized zinc oxide in the presence of ILs as accelerators, alternatively to standard 2-mercaptobenzothiazole (MBT) and N-cyclohexyl-2-benzothiazolesulfenamide (CBS). As accelerators, the salts of 2-mercaptobenzothiazole with the following cations were used: dioctyldimethylammonium (C8DM), didecyldimethylammonium (C10DM), dodecyltrimethylammonium (C12TMA), 1-butyl-3-methylimidazolium (C4mim), 1-methyl-3-octylimidazolium (C8mim), and 1-dodecyl-3-methylimidazolium (C12mim).
Experimental section

Materials
The acrylonitrile-butadiene elastomer (EUROPREN N3960) containing 39 wt % acrylonitrile was obtained from Polimeri Europa (Rome, Italy). The Mooney viscosity was (ML1+4 (100°C): 60). This elastomer was vulcanized with sulfur (Siarkopol, Poland) with microsized zinc oxide as the activator (ZnO, Aldrich, Germany).
The butadiene-styrene elastomer (KER 1500) containing 22-25 wt % styrene was obtained from Synthos Dwory, Oswiecim (Poland). The Mooney viscosity was (ML1+4 (100°C):46-54). This elastomer was vulcanized with sulfur (Siarkopol Tarnobrzeg, Poland) with microsized zinc oxide as the standard activator (ZnO, Aldrich, Germany). Accelerators included 2-mercaptobenzothiazole (MBT, Aldrich, Germany) and N-cyclohexyl-2-benzothiazolesulfenamide (CBS, Aldrich, Germany).
To reduce the number of zinc ions in rubber compounds, nanosized zinc oxide (nZnO, Nanostructured & Amorphous Materials, Inc., USA) was used as an alternative to microsized ZnO. Silica with a specific surface area of 380 m 2 /g (Aerosil 380, Evonic Industries, Germany) was used as a filler. The ionic liquids listed in Table 1 were synthesized at the Poznan University of Technology, according to a procedure described elsewhere [40, 41] . 1-Dodecyl-3-methylimidazolium 2-mercaptobenzothiazolate C12mim Table 1 . Ionic liquids used in this study
Preparation and characterization of rubber compounds
Rubber compounds with the formulations given in Table 2 were prepared using a laboratory two-roll mill. The samples were cured at 160 °C until they developed a 90% increase in torque, as measured by an oscillating disc rheometer (Monsanto). The kinetics of rubber compound vulcanization was studied using a DSC1 (Mettler Toledo) analyzer by decreasing the temperature from 25 to-100 °C at a rate of 10 °C/min and then heating to 250 °C with the same heating rate.
SBR (phr) NBR (phr)
The crosslink densities (ν T ) of the vulcanizates were determined by their equilibrium swelling in toluene, based on the Flory-Rehner equation [42] . The Huggins parameter of the SBR-solvent interaction (χ) was calculated from the equation χ=0.3700+0.5600V r (Equation 1), where V r is the volume fraction of elastomer in the swollen gel, and χ=0.3809+0.6707V r for NBR-solvent interaction (Equation 2).
The tensile properties of the vulcanizates were measured according to ISO-37 standard procedures using a ZWICK 1435 universal machine.
Dynamic-mechanical analysis
Dynamic-mechanical measurements were carried out in tension mode using a DMA/ SDTA861 e analyzer (Mettler Toledo). Measurements of the dynamic moduli were performed between-80 and 100°C with a heating rate of 2°C/min, a frequency of 1 Hz and a strain amplitude of 4 µm. The temperature of the elastomer glass transition was determined from the maximum of tan δ=f(T), where tan δ is the loss factor and T is the measurement temperature.
Scanning Electron Microscopy (SEM)
The dispersion degree of zinc oxide and filler nanoparticles in the elastomer matrix was estimated using scanning electron microscopy with an LEO 1530 SEM. The vulcanizates were broken down in liquid nitrogen, and the surfaces of the vulcanizate fractures were examined. Prior to measurements, the samples were coated with carbon.
Thermogravimetry analysis
The thermal stability of the vulcanizates was studied using a TGA/DSC1 (Mettler Toledo) analyzer. Samples were heated from 25 °C to 700 °C in an argon atmosphere (60 ml/min) with a heating rate of 10 °C/min. Decomposition temperatures at weight losses of 2% (T 02 ), 5% (T 05 ), 50% (T 50 ) and total weight loss during decomposition of vulcanizates were determined.
Thermo-oxidative and UV aging
The thermo-oxidative degradation of the vulcanizates was performed at a temperature of 100°C for 240 h. The UV degradation of the vulcanizates was carried out for 120 h using a UV 2000 (Atlas) machine in two alternating segments: a day segment (irradiation 0.7 W/m 2 , temperature 60 °C, time 8 h) and a night segment (without UV radiation, temperature 50 °C, time 4 h).
To estimate the resistance of the samples to aging, their mechanical properties and crosslink densities after aging were determined and compared with the values obtained for vulcanizates before the aging process. The aging factor (S) was calculated as the numerical change in the mechanical properties of the samples upon aging (Equation 3) [43] , where TS is the tensile strength of the vulcanizate, and EB is the elongation at break:
Results and discussion
SBR composites containing ILs
Curing characteristics and crosslink densities of SBR vulcanizates
The activity of novel ILs as accelerators in the sulfur vulcanization of SBR was estimated based on rheometry measurements. The curing characteristics of the SBR compounds and the crosslink densities of the vulcanizates are given in Table 3 . To reduce the amount of vulcanization activator, nanosized zinc oxide was applied (2 phr) alternatively with the normally used microsized ZnO (5 phr). Table 3 . Curing characteristics and crosslink densities of SBR vulcanizates (ΔG-increment of torque in the rubber compound during vulcanization; t 90 -optimal vulcanization time; t p -scorch time, ν T -crosslink density of vulcanizates).
Nanosized zinc oxide seems to be very active in SBR vulcanization. Despite the reduced amount of vulcanization activator, an increase in the crosslink density of vulcanizates is observed, and, as a consequence, the torque increment during vulcanization is comparable to that of the reference rubber compound with microsized ZnO. Moreover, a reduction of vulcanization time by 10 min was achieved. The nanosized zinc oxide does not influence the scorch time of rubber compounds. Applying ILs as vulcanization accelerators results in a further increase in torque increment during the vulcanization process because of the increase in vulcanizate crosslink densities. Alkylammonium and alkylimidazolium salts of MBT seem to catalyze the interface crosslinking reactions, which is evident from the considerable reduction of vulcanization time (approximately 25-30 min) and scorch time (approximately 1.5 min) compared to conventionally crosslinked SBR compounds. Alkylammonium and alkylimidazoilum ILs have comparable activity in the vulcanization of SBR. However, the crosslink density of vulcanizates decreases slightly with the increase of alkyl chain length in the ammonium or imidazolium cation of ILs.
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The most important parameters of the vulcanization process are temperature and energetic effect. The influence of nanosized zinc oxide and novel ILs on these parameters is given in Table 4 . Nanosized zinc oxide has no significant influence on the temperature and heat of vulcanization in comparison with SBR compounds containing a microsized activator. Vulcanization is an exothermic process that occurs in a temperature range of 173-226 °C, with an energetic effect of 9 J/g. 2-Mercaptobenzothiazolate ILs, especially alkylimidazolium salts, decrease considerably the onset temperature of vulcanization. The vulcanization process begins in the temperature range of 150-156 °C for SBR compounds containing alkylammonium ILs and 147-149 °C in the case of alkylimidazolium salts. This result confirms the catalytic effect of ILs on interfacial crosslinking reactions. The energetic effect of vulcanization ranges from 8.0 J/g to 9.8 J/g and decreases with alkyl chain length for rubber compounds with alkylimidazolium salts. A considerable reduction in the heat of vulcanization is achieved for alkyldimethylammonium ILs, indicating a decrease in the efficiency of the vulcanization process and confirming that the structure of the accelerator (ILs) affects vulcanization efficiency.
SBR
Dispersion degree of crosslinking system particles in SBR
Having concluded that the novel ILs catalyze interfacial crosslinking reactions and influence the efficiency of vulcanization, we then examined their effect on the dispersion degree of crosslinking system components in the SBR elastomer. The homogeneous distribution of ZnO, sulfur and accelerator particles is very important for the activation of sulfur vulcanization. Sulfur and accelerator diffuse inside the elastomer matrix and are adsorbed on the zinc oxide surface during vulcanization.
For the vulcanizate with MBT, crosslinking system particles are not homogeneously distributed in the elastomer matrix ( Figure 1 ). Microsized agglomerates (several micrometers in size) are created. The agglomeration of particles causes their surface area to decrease, followed by a reduction of the interface between zinc oxide, sulfur, and the accelerator. As a result, the efficiency of elastomer crosslinking decreases. In the case of vulcanizates with novel ILs, a more homogeneous distribution of crosslinking agent particles in SBR is observed (Figures 2-6 ). The dispersion degree depends on the IL structure and improves with the decrease in the ammonium or imidazolium cation alkyl chain length. In the case of ILs with C8 chains in the cation, particles of the crosslinking system are homogeneously distributed in the elastomer, and no agglomeration is observed. For ILs with C12 chains, some agglomerates can be observed in the SEM images but with a smaller size than conventionally crosslinked SBR vulcanizates. Therefore, it can be concluded that, apart from accelerating action, ILs act as dispersing agents that prevent crosslinking system particles from agglomeration. The homogeneous dispersion of particles provides better contact between the activator and other components of the crosslinking system, resulting in higher vulcanization efficiency. 
Mechanical properties of SBR vulcanizates
Having established the influence of ILs on the vulcanization process and on the crosslink density of vulcanizates, we then examined their mechanical properties. The results are given in Table 5 Despite the reduced amount of zinc oxide, vulcanizates containing nanosized ZnO exhibit approximately 4 MPa higher tensile strength than the reference sample. The elongation at break is similar in both vulcanizates. Applying ILs increases the tensile strength of SBR by 10 MPa in the case of C8DMA as a result of the improved dispersion degree of crosslinking system and filler particles in the SBR. The tensile strength decreases with the increase in IL alkyl chain length, as the dispersion degree of crosslinking system particles deteriorates. The elongation at break is reduced by 100 -150% due to the increase in the crosslink density of the vulcanizates.
For technological applications of SBR, dynamic mechanical properties are very important. Rubber products must meet requirements of rigidity and strength so that their stability during use is sufficient. Even more important is their ability to dampen vibrations. Using DMA, the influence of ILs on the loss factor (tan δ) was determined. The loss factor, tan δ, as a function of temperature for the vulcanizates containing ILs is presented in Figure 7 and Table 6 .
The existence of one transition can be observed (Figure 7) , the glass transition of SBR, with a maximum that represents T g . Applying nanosized zinc oxide alternatively with microsized activator does not influence the glass transition temperature of SBR, which is approximately-41.0 °C. Vulcanizates containing ILs exhibit higher glass transition temperatures than the reference samples because of their higher crosslink density. A greater number of crosslinks in the elastomer network results in greater restriction of mobility of the elastomer chains and, as a consequence, higher T g . As expected, the highest T g values occur for vulcanizates with the highest crosslink densities.
Nanosized zinc oxide or ILs have no significant effect on the tan δ values of SBR vulcanizates (Table 6 ). Only a slight increase in the tan δ at glass transition temperature is observed for IL- Table 6 . Glass transition temperature (T g ) and loss factor (tan δ) of SBR vulcanizates 
Thermal stability and aging resistance of SBR vulcanizates
Rubber products often work at elevated temperatures. Therefore, novel vulcanization accelerators must not reduce the thermal stability of vulcanizates. Using TGA analysis, the effect of ILs on the thermal stability of SBR vulcanizates was determined (Table 7) .
Nanosized zinc oxide increases the onset decomposition temperature of SBR (T 02 ) by 15 °C. Most likely, the network created by the zinc oxide and filler nanoparticles is a barrier for the transport of gases and volatile pyrolysis products during the decomposition process, thus increasing the thermal stability of the elastomer. ILs result in a further increase in the onset decomposition temperature of SBR, likely due to the improved dispersion degree of the nanoparticles in the elastomer matrix. Having established the effects of nanosized zinc oxide and ILs on thermal stability, we then examined SBR resistance to thermo-oxidative and UV aging. The influence of ILs on aging resistance was studied through changes in mechanical properties and the crosslink density of the vulcanizates (Figures 8-10 ).
Thermo-oxidative and UV aging significantly increase the crosslink densities of SBR vulcanizates ( Figure 8 ). This change is most evident in the case of thermo-oxidative degradation, where an almost threefold increase in the number of crosslinks is determined. Prolonged exposure to elevated temperatures results in further crosslinking of SBR. However, the increase in crosslink density is slightly smaller in the case of vulcanizates containing ILs. The elongation at break is reduced by 300-400% in comparison with vulcanizates before the aging process. This change is due to the large increase in the crosslink density of vulcanizates ( Figure 9 ). In most cases, thermo-oxidative and especially UV aging deteriorate the tensile strength of vulcanizates with ILs, as in the case of vulcanizates with standard accelerators (Figure 10 ). The aging factor S was calculated to quantitatively estimate the change in mechanical properties of vulcanizates. This factor is the change in the sample deformation energy under the aging process (Table 8) .
Nanosized zinc oxide used as an alternative to the microsized ZnO does not influence the resistance of vulcanizates to aging. ILs, mainly alkylammonium salts, improve the resistance of SBR vulcanizates to thermo-oxidative and UV aging, most likely due to the limitation of the increase in vulcanizate crosslink density. An increase in the S T and S UV values of 0.2 is achieved for alkylammonium salts. Table 8 . Thermo-oxidative and UV aging factors for SBR vulcanizates
SBR S UV (-) S T (-)
NBR composites containing ILs
Acrylonitrile-butadiene elastomer (NBR) is characterized by high resistance to oil, petrol and aliphatic hydrocarbons. As a result, NBR is widely applied to the manufacture of seals, inner tubes, hoses for liquid fuels and oils as well as elements used for damping vibration. Therefore, the use of novel ILs as accelerators for sulfur vulcanization of NBR was studied. To reduce the amount of zinc oxide in NBR compounds, nanosized ZnO was applied (2 phr) alternatively with traditionally used microsized activator (5 phr).
Curing characteristics and crosslink densities of NBR vulcanizates
Based on rheometric measurements, the effect of nanosized zinc oxide and ILs on the curing characteristics of NBR compounds was examined. Results are given in Table 9 .
Nanosized zinc oxide increases the torque increment during vulcanization by approximately 20 dNm compared with the reference NBR compound containing microsized ZnO due to the increase in crosslink density of the vulcanizate. The amount of nanosized ZnO is 60% lower than for the microsized activator. Therefore, nanosized zinc oxide effectively activates the sulfur vulcanization of NBR. Zinc oxide particle size does not appear to affect vulcanization time or scorch time. Applying ILs causes a threefold increase in the torque increment during vulcanization compared to the rubber compound with microsized ZnO and a twofold increase in ΔG in comparison with nanosized ZnO-containing NBR. These results occur because of the considerable increase in the crosslink density of vulcanizates. Moreover, ILs reduce the vulcanization time of NBR compounds by 10-20 min, whereas no influence is observed for scorch time. Higher activity in the vulcanization process is observed for alkylimidazolium salts of MBT. The length of alkyl chains in the imidazolium or ammonium cations of ILs does not seem to affect their activity in vulcanization. Table 9 . Curing characteristics and crosslink densities of NBR vulcanizates (ΔG-increment of torque in the rubber compound during vulcanization; t 90 -optimal vulcanization time; t p -scorch time, ν T -crosslink density of vulcanizates)
Having established the effect of nanosized zinc oxide and ILs on the vulcanization time and crosslink density of vulcanizates, we then examined their influence on vulcanization temperature and energetic effect (Table 10) . Despite the reduced amount of ZnO, nanosized zinc oxide has no significant influence on vulcanization temperature. Moreover, the heat of vulcanization is higher in comparison with the NBR compound containing microsized ZnO, so the vulcanization is most likely more effective. Vulcanization is an exothermic process that occurs in a temperature range of 165-231°C , with an energetic effect of 14.6 J/g. Therefore, nanosized ZnO can be applied as an activator for NBR without detrimental effects on vulcanization characteristics. ILs decrease the vulcanization temperature by 17-24 °C. Alkylammonium ILs, especially dioctyl-and didecyldimethylammonium salts decrease the energetic effect of vulcanization. Alkylimidazolium salts also reduce the amount of heat generated during vulcanization but to a smaller degree than in the case of alkylammonium ILs.
NBR Vulcanization temperature range (°C ) Energetic effect of vulcanization (J/g)
The reduction of vulcanization time and temperature as well as the increase in the crosslink densities of vulcanizates could be due to the catalytic action of ILs during NBR crosslinking, similar to the SBR vulcanization process. However, the dispersion degree of crosslinking system components in the elastomer should be taken into account.
Dispersion degree of crosslinking system particles in NBR
Assuming that particles of accelerators, sulfur, and fatty acids diffuse through the polymer matrix and are adsorbed on the surface of zinc oxide to form intermediate complexes, the dispersion of zinc oxide nanoparticles in the elastomer matrix has great importance to the activation of sulfur vulcanization. SEM images of the vulcanizate surfaces were collected to estimate the dispersion degree of activator particles and other components of crosslinking system in the NBR elastomer (Figures 11-16 ). (Figures 12-16 ). The estimated size of crosslinking system particles seems to be in the nanometer range, which makes their surfaces available for interactions. Thus, the interactions of these particles with sulfur and accelerators are more efficient. Furthermore, filler nanoparticles are also homogeneously distributed in the elastomer. 
Mechanical properties of NBR vulcanizates
Due to the industrial applications of novel ILs as accelerators for the sulfur vulcanization of NBR, their effect on the mechanical properties of vulcanizates should be studied. From the data compiled in Table 11 , the application of nanosized zinc oxide increases by 2 MPa the tensile strength of vulcanizate compared to the use of conventional ZnO. Therefore, it is possible to reduce the amount of ZnO by 60% without a detrimental effect on the tensile parameters. In addition, ILs used an alternative to standard accelerators considerably increase the tensile strength of NBR vulcanizates, which is very important technologically. The highest tensile strength is exhibited by vulcanizates with dioctyl-and didecyldimethylammonium salts (approximately 33 MPa). The lowest TS value of the C12TMA-containing vulcanizate is the result of an inhomogeneous distribution of nanoparticles in the elastomer matrix. In the case of alkylimidazolium ILs, the tensile strength of vulcanizates is between 28 MPa (C12mim) and 31 MPa (C8mim). Vulcanizates containing ILs exhibit approximately 100% lower elongation at break compared to reference vulcanizates, which results from their higher crosslink densities.
The effect of nanosized zinc oxide and ILs on the dynamic mechanical properties was examined using DMA and is presented in Table 12 and Figure 17 . The glass transition temperature for conventionally crosslinked NBR vulcanizates is-7.3 °C. Nanosized zinc oxide slightly increases the T g of NBR. An increase is observed for loss factor values at T g and temperatures of 25 °C and 100 °C. ILs cause a further increase in glass transition temperature due to the higher crosslink density of vulcanizates, which reduces the mobility of elastomer chains. An increase in the loss factor is also achieved, so vulcanizates containing ILs should exhibit a higher ability for vibration damping compared with the reference sample. These properties are important for the industrial application of rubber products based on NBR elastomers.
Thermal stability and aging resistance of NBR vulcanizates
In Table 13 , the effect of nanosized zinc oxide and ILs on decomposition temperature and weight loss for NBR vulcanizates is given. Replacing microsized zinc oxide with a nanosized activator increases the onset decomposition temperature of NBR by 20 °C. Applying ILs as vulcanization accelerators does not considerably influence the thermal stability compared with a vulcanizate containing nanosized ZnO. The thermal decomposition of vulcanizates begins at a temperature range of 323-329 °C. A weight loss of 5% is achieved in the temperature range of 364-374 °C, whereas 50% weight loss occurs at 446-448 °C. ILs increase the total weight loss during NBR decomposition, which is approximately 77%. The positive effect of nanosized ZnO and ILs on the thermal stability of NBR is, as in the case of SBR, caused by the network formed by nanoparticles in the elastomer, which restrains the diffusion of gases and volatile decomposition products in the elastomer matrix.
NBR rubber products often work at elevated temperatures and are exposed to factors that cause aging (e.g., temperature and UV radiation). If ILs are industrially used as accelerators instead of MBT, they should not deteriorate the aging resistance of vulcanizates.
Prolonged exposure to UV radiation and especially elevated temperatures results in further crosslinking of NBR. The increase in crosslink density is comparable for all NBR vulcanizates ( Figure 18 ). Thermo-oxidative aging, despite the increase in crosslink density, has no considerable influence on the tensile strength of vulcanizates ( Figure 19 ). UV degradation deteriorates the tensile strength of vulcanizates with ILs, as it does to vulcanizates with standard accelerator and nanosized zinc oxide. There is no influence of IL structure on the change in crosslink density or tensile strength of vulcanizates. In the case of vulcanizates without ILs, the aging process causes a reduction in elongation at break of approximately 100% for UV radiation and approximately 300% for elevated temperatures (Figure 20) . These results arise from the increase in crosslink density of vulcanizates as well as their stiffness and fragility. ILs decrease the changes in elongation at break, especially under thermo-oxidative aging. This result is most evident for vulcanizates containing alkylimidazolium salts. It is possible that these ILs limit the loss of vulcanizate elasticity during aging. Vulcanizates containing these ILs are less rigid, which could confirm this assumption. Based on the above results, it is difficult to estimate the resistance of NBR vulcanizates to the aging process considering the changes in tensile strength and elongation at break separately. Therefore, UV and thermo-oxidative aging factors were calculated to quantitatively estimate changes in mechanical properties of NBR vulcanizates (Table 14) . 
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Conclusions
Applying ILs allowed for the replacement of standard accelerators in sulfur vulcanization of SBR and NBR elastomers, resulted in the shortening of the optimal vulcanization time and decreased the temperature of vulcanization by approximately 20 °C. These results are very important for technological and economical reasons. NBR and SBR composites containing ILs exhibited tensile strengths and crosslink densities higher than those of standard vulcanizates crosslinked with MBT and CBS. These results were due to the considerable improvement of crosslinking system nanoparticle distribution in the elastomer. ILs restrained the tendency of nanoparticles to agglomerate in the elastomer; as a result, the surface of contact between nanosized zinc oxide and other components of crosslinking system was maximized and the efficiency of vulcanization increased. Moreover, ILs could catalyze the interface crosslinking reaction that improves the efficiency of vulcanization.
Nanosized zinc oxide and ILs increased the thermal stability of elastomers. The onset decomposition temperature increased by approximately 20 °C. Most likely, the network created by zinc oxide and filler nanoparticles homogeneously distributed in the elastomer may be a barrier for the transport of gases and volatile pyrolysis products during the decomposition process, thus increasing the thermal stability of the elastomer.
NBR and SBR composites containing ILs exhibited stable dynamic properties at the temperature of use. Moreover, NBR vulcanizates could be expected to demonstrate better damping properties than conventionally crosslinked samples. ILs, especially alkylimidazolium salts, increased the resistance of NBR vulcanizates to thermo-oxidative aging. In the case of SBR, improved resistance to UV and thermo-oxidative degradation was achieved, mainly for alkylammonium ILs. Further crosslinking of elastomers during aging was greatly reduced in comparison with vulcanizates containing standard accelerators.
Most important, applying nanosized zinc oxide and ILs allowed for the reduction of zinc oxide amount by 60% as well as the elimination of CBS from SBR composites and, in the case of NBR, reduction in the amount of MBT, an allergic agent, by 30-50% in comparison with conventional rubber compounds (Table 15 ). This result is very important ecologically. 
